Effects of W and Co on creep deformation and microstructure of fully annealed and precipitation strengthened 15Cr-3W ferritic steels at 923 and 973 K have been investigated, and the strengthening effects of W and Co in a long-term and high temperature service condition have been discussed. The effect of Co addition on the creep rupture strength of the steels is higher than that of the further addition of W in the shortterm. However, the creep rupture life of the steel with 6 mass% W is longer than that of the steel with 3 mass% Co at the low stress condition of 50 MPa and 973 K. The increase in W content promotes the formation of intermetallic compounds such as c phase. The addition of Co promotes the precipitation of fine M 23 C 6 carbide within grains. The precipitation of carbide by Co addition is effective in improving the shortterm creep strength for higher stress regions, whereas the formation of intermetallic compounds by W addition is more effective for lower stress and long-term creep life.
Introduction
Recently, the improvement of energy efficiency in fossil fired power generation has been requested from a global environmental viewpoint in order to reduce CO 2 emissions and conserve energy resources. In order to improve the energy efficiency, creep strength of high temperature structural components in power plants should be advanced, and steam temperature and pressure must be increased. Consequently, many efforts have been conducted on research and development of new high strength materials, such as ferritic creep resistant steels that is available for large components of fossil fired power plants. 1) Generally, the microstructure of conventional high strength ferritic creep resistant steels is tempered martensite. However, the creep strength of these materials decreases remarkably by microstructural degradation during longterm service at elevated temperatures, since the tempered martensitic microstructure is unstable during the long-term service. For example, recovery preferentially takes place at the vicinity of prior austenite grain boundaries and expansion of such area has been pointed out as a degradation mechanism of a modified 9Cr-1Mo steel.
2) Suppression of the degradation through the improvement in microstructural stability is a key concept to maintain high creep strength in the long-term service. 3) Kimura et al. have investigated the effects of initial microstructure on the long-term creep strength of a 0.5Cr-0.5Mo steel, and pointed out that the long-term creep strength of the fully annealed steel with ferrite and pearlite microstructures is higher than that with martensite, tempered martensite and bainite microstructures. 4) Thus, they supposed that the higher creep strength in the long-term regime is associated with its low dislocation density, indicating that a fully annealed microstructure would have advantages for long-term creep strength under a service condition in power generation. 4) Based on this concept, Kimura et al. recently investigated the creep properties of fully annealed 15Cr-1Mo-3W-V-Nb ferritic steels at 923 K, and found that an increase in the content of W and Co could improve the creep strength by precipitation strengthening effects of intermetallic compounds and carbide. [5] [6] [7] [8] However, the detailed mechanism of strengthening due to W and Co, and availability of such strengthening effects for the longterm creep have not been clearly understood.
Then, the aim of the present study is to investigate the long-term creep strength of the fully annealed and precipitation strengthened 15Cr ferritic steels at 973 K, specifically focusing on the effects of W and Co on the strength under the long-term and high temperature service conditions.
Experimental Procedure
Chemical compositions of the steels used in the present study are shown in Table 1 . The base alloy composition is previously reported Fe-0.1C-15Cr-1Mo-3W-0.2V-0.05Nb-0.07N-0.003B (mass%) steel (3W-0Co) with high creep strength. [5] [6] [7] [8] Three modified steels, one with increased W content up to 6 mass% (6W-0Co), one with 3 mass% Co (3W-3Co) and the other with combined additions of increased W and Co (6W-3Co), have been prepared in a vacuum induction furnace. The ingots were hot forged into bars with a diameter of about 15 mm and annealed for 30 min at 1 473 K, followed by furnace cooling.
A dimension of the creep and tensile specimens were 6 mm in gauge diameter and 30 mm in gauge length. Creep tests were conducted at temperatures from 873 to 973 K and stresses from 40 to 200 MPa up to about 18 000 h in air. Tensile tests were carried out at room temperature, 923 and 973 K. Creep and tensile strains were measured using an extensometer attached to the gauge portion of the specimen.
Microstructure of the steels in the as-annealed condition and the creep ruptured specimens were examined by a scanning electron microscope (SEM). Precipitates in the creep ruptured specimen of 6W-3Co at 923 K-100 MPa were analyzed by a transmission electron microscope (TEM) with an energy dispersive spectroscopy (EDS), using thin foil. Chemical composition analysis of the precipitates was conducted by means of inductively coupled plasma method, using electrolytically extracted residue taken from the specimens isothermally aged for 1 000 h at 873, 923 and 973 K. Figure 1 shows SEM micrographs of (a) 3W-0Co; (b) 6W-0Co; (c) 3W-3Co and (d) 6W-3Co steels in the asannealed condition. The matrix of all steel is ferrite. In 3W-0Co steel ( Fig. 1(a) ), few precipitates are observed within grains, however there are some particles on the grain boundaries. The number and size of precipitates increase with increase in W content (Figs. 1(b) and 1(d) ). The number of precipitates tends to increase with the addition of Co (Figs. 1(c) and 1(d) ). Figure 2 shows temperature dependence of tensile strength of the steels, together with the two conventional ferritic creep resistant steels. 9, 10) The combined addition of W and Co to the base steel improves the tensile strength at all the temperatures examined, and the tensile strength of 6W-3Co steel is nearly twice as high as that of 3W-0Co steel, which is comparable to those of the conventional ferritic steels of a 9Cr-1Mo-V-Nb (Mod. 9Cr-1Mo) and a 9Cr-0.5Mo-2W-V-Nb (NF616). It is also recognized that the 0.2 % proof strength of 6W-3Co steel is also twice as high as those of the conventional ferritic steels. Table 1 . Chemical composition (mass%) of the present studied steels. 3W-3Co steels are about three and ten times longer than that of 3W-0Co base steel, respectively, indicating that Co addition is more effective in lengthening the rupture life than W addition. Note that the creep rupture strength of 3W-3Co steel is almost the same as that of Mod. 9Cr-1Mo steel as shown by dotted line. 9) Furthermore, creep rupture strength of the base steel is drastically improved by the combined addition of W and Co as shown in 6W-3Co steel, almost comparable to NF616 steel as shown by dashed line. 10) Similar strengthening effects at 923 K are observed on the short-term creep rupture strength at 973 K; under the stresses higher than 60 MPa, the creep rupture life of 3W-3Co steel is longer than that of 6W-0Co steel. Under the stresses lower than 50 MPa, however, the creep rupture life of 6W-0Co steel becomes longer than that of 3W-3Co steel, and the slope of the curve in the Co free steel becomes gentle in the long-term region. Therefore, it is supposed that the strengthening effect of the Co free steels works more validly in the long-term region. Figure 4 shows stress vs minimum creep rate curves of the steels at (a) 923 K and (b) 973 K. The effects of W and Co on the minimum creep rate are similar to those on the creep rupture strength. Only for the low stress condition of 50 MPa at 973 K, the minimum creep rates of 6W-0Co and 3W-3Co steel are reversed, indicating that the further addition of W is effective in improving the long-term creep strength at 973 K. Figure 5 shows rupture elongation of all the steels tested as a function of time to rupture. Although the some of the steels with 3 mass% Co show lower rupture elongations, most of the steels exhibit rupture elongation more than 20 %.
Results and Discussion

Creep Properties
The present results clearly demonstrate that the mechanical properties of the 6W-3Co steel are superior to those of the conventional ferritic creep resistant steels with tempered martensitic microstructure. In addition, the higher Cr content in steels becomes more resistant to steam oxidation. Thus, the present fully annealed ferritic steels could be a possible candidate to replace the conventional ferritic creep resistant steels. Figure 6 shows SEM micrographs of the four steels creep ruptured at 973 K and 60 MPa, where the t r refers to the time to rupture. In 3W-0Co steel ( Fig. 6(a) ), a few precipitates are observed within grains, and grain boundary precipitates are slightly coarsened compared with the as annealed microstructure as shown in Fig. 1(a) . In 6W-0Co steel ( Fig. 6(b) ), many coarsened blocky precipitates with 5-10 mm in size are observed within the grain interiors as well as at the grain boundaries. Many fine precipitates with a size of less than 1 mm are also observed within the grain interiors. In 3W-3Co steel (Fig. 6(c) ), many fine precipitates are observed both within the grains and at the grain boundaries. In 6W-3Co steel (Fig. 6(d) ), both coarse blocky precipitates and fine precipitates are observed at the grain boundaries and the grain interior, respectively. It has been revealed that the fine precipitates are needle or disc like shape with a few hundreds nm in length and a few tens nm in thickness, having a certain crystallographic orientation against the matrix.
Microstructural Change
7,8) From these microstructural observations, the further addition of W increases a number of coarse blocky precipitates mainly at the grain boundaries and the addition of Co promotes the precipitation of fine particles within grains. Consequently, the excellent creep strength of 6W-3Co steel is caused by the formation of both blocky precipitates and fine particles.
The precipitates observed in SEM micrographs have been identified as c-phase (Fe 36 Cr 12 W 10 ), m-phase (Fe 7 W 6 ), Laves phase (Fe 2 W) and M 23 C 6 by means of the X-ray diffraction analysis on the electrolytically extracted residue taken from the steels isothermally aged for 1 000 h at 923 K in the previous study. 7) In order to identify the precipitates in detail, the 6W-3Co steel creep ruptured at 923 K and 100 MPa was examined by TEM as shown in Fig. 7 . EDX analysis has been carried out on matrix (referred to 'M') and five precipitates (referred to 'P1'-'P5'). Results of EDX analysis are summarized in Table 2 . Fe and Cr contents of P1 are very high, so this precipitate could be identified as M 23 C 6 . Precipitates of P2-P5 could be identified as c-phase, because concentration ratio of Fe, Cr and W of it is almost the same as the stoichiometric form of c-phase (Fe 36 Cr 12 W 10 ).
12) Furthermore, the electrolytically extracted residues taken from the four steels in the as-annealed condition and isothermally aged for 1 000 h at 873, 923 and 973 K were separated to carbide and intermetallic compounds using bromine methyl alcohol solution, and mass percentage of the constituents of each precipitate in the steel was measured using inductively coupled plasma method. Figure 8 shows the mass percentage of the constituents of (a) intermetallic compounds and (b) carbide in the steel. With increase in W content from 3 to 6 mass%, the mass fraction of intermetallic compounds increases to 12) It has been reported that the solubility of Cr in Laves phase is very small, and the solubility limit of Cr in m-phase is smaller than that in cphase.
13) It has been supposed, consequently, that the increase in W content promotes the precipitation of c-phase rather than m-phase and Laves phase, since the Cr concentration in intermetallic compounds increases with increase in W content. On the other hand, amount of carbide in the Co added steels is two times larger than that of the Co free steels. From the above results, the increase in W content and the addition of Co increase in volume fraction of intermetallic compound and carbide, respectively.
Effect of W and Co
In this section, creep deformation of the steels are analyzed specifically focusing on 6W-0Co and 3W-3Co steels at 973 K, and the difference in strengthening effect between the addition of W and the Co for long-term and high temperature service condition is discussed. Figure 9 shows Vickers hardness of the steels as a function of time to rupture at 973 K. The hardness of 6W-3Co steel is significantly higher than those of the other steels in the as annealed condition, and rapidly decreases with increase in time to rupture. It should be noted that the Vickers hardness of 6W-0Co steel is almost constant independent of time to rupture, whereas, the hardness of 3W-3Co steel decreases and becomes smaller than that of 6W-0Co steel in long-term region. The similar tendency was observed also at 923 K. 11) It has been supposed that the precipitation strengthening effect of intermetallic compounds enhanced by W addition (6W-0Co) is more effective in the long-term region than that of carbides by Co addition (3W-3Co). Figure 10 shows creep rate vs. time curves of the four steels at (a) 923 K-80 MPa, and (b) 973 K-50 MPa. The strengthening effects of W and Co at the latter condition are different from those at the other condition. At 923 K-80 MPa, the creep rate of 6W-0Co steel is almost the same as that of 3W-0Co steel at just after loading. However, the decrease in creep rate in the transient creep stage of 6W-0Co steel is larger than that of 3W-0Co steel, and the minimum creep rate of 6W-0Co steel becomes one order of magnitude smaller than that of 3W-0Co steel. Although the creep rates of 6W-0Co and 3W-3Co steels are almost the same at just after loading, the minimum creep rate of the latter steel is one order of magnitude smaller than that of the former steel as a result of significant decrease in creep rate of 3W-3Co steel in the transient creep stage. Furthermore, a significant decrease in creep rate is observed with the combined addition of W and Co, and the minimum creep rate is three orders of magnitude smaller than that of 3W-0Co steel, and the creep rupture life of 6W-3Co steel becomes longer by two orders than that of base one. Similar effects of these elements on the creep deformation have been observed at the other stress conditions at 923 K. It can be said that the increase in creep strength with the combined addition of W and Co is caused by the (Fig. 10(b) ), the extent of decrease in the creep rate of 6W-0Co steel increases drastically in the long-term after several tens hours, and the decrease in creep rate of that steel continues up to about 2 000 h. Although the creep rate of 3W-3Co steel is one order of magnitude smaller than that of 3W-0Co steel in the transient creep stage, it shows a minimum value at the time shorter than that of 3W-0Co steel. Therefore, the duration of the transient creep stage of 3W-3Co steel, that is about 200 h, is about one tenth of that of 6W-0Co steel. Then, the long transient creep stage of 6W-0Co steel causes the creep rupture strength higher than that of 3W-3Co steel at 973 K-50 MPa (Fig. 2(b) ). Differences in stress dependence of the creep deformation between 6W-0Co and 3W-3Co steels are clearly observed in the creep rate vs. time curves at 973K as shown in Fig. 11 . In 6W-0Co steel (a), the creep rate decreases more significantly after several tens hours in the transient creep stage, and duration of transient creep stage increases with decrease in applied stress. Especially at the stress of 50 MPa, the decrease in creep rate of 6W-0Co steel continues up to several thousand hours, and the creep rupture life extends longer. The onset time of the accelerating creep stage at 50 MPa is about hundred times longer than that at 70 MPa. On the other hand, although the minimum creep rate of 3W-3Co steel decreases with decrease in applied stress, a magnitude of increase in creep rupture life with decrease in applied stress is smaller than that expected from the decrease in minimum creep rate. In contrast to 6W-0Co steel, the onset time of the accelerating creep stage of 3W-3Co steel is almost the same independent of stress in the stress range from 50 to 70 MPa. By considering the different effects of the increase in W content and Co addition on the microstructure, it may be supposed that the creep deformation behavior of those steels are caused by as follows; the precipitation strengthening effect of intermetallic compounds pronounced by the increase in W content increases with increase in creep exposure time, especially after several tens hours and it continues up to several thousands hours. On the other hand, that of carbide pronounced by Co addition is no longer effective after about several hundreds hours. The difference in the strengthening effect between W and Co addition is clearly observed in the creep rate vs. strain curves at 973 K and (a) 70 MPa, (b) 60 MPa and (c) 50 MPa as shown in Fig. 12 . The accelerating creep stage of 6W-0Co steel starts at strain of about 0.1, regardless of the stress conditions. However, the onset strain of accelerating creep stage of 3W-3Co steel decreases with decrease in the applied stress from about 0.04 at 70 MPa to about 0.01 at 50 MPa. The decrease in the onset strain of accelerating creep stage in 3W-3Co steel with decrease in the applied stress is caused by decrease in the precipitation strengthening effect of carbide. It has been concluded that the precipitation strengthening effect of intermetallic compound enhanced by increase in W content is more effective than that of carbide in the long-term creep regime, and that among the intermetallic compound c-phase plays a key role in strengthening the long-term life of the steel containing high W concentration.
Conclusions
The effects of W and Co on the creep properties and microstructure of the fully annealed and precipitation strengthened 15Cr ferritic steels at 923 and 973 K are investigated. As a result, it has been found that the precipitation strengthening effect of intermetallic compound by the further addition of W content is more effective than that of carbide for the long-term creep life of the developing steels. The following are the results obtained in this study:
(1) At 923 K, the strengthening effect of Co addition is higher than that of W addition. But, a combined addition of W and Co improves the creep strength drastically, and the creep rupture life of 6W-3Co steel becomes almost the same as that of conventional ferritic creep resistant steel of NF616.
(2) The effect of W and Co additions on the short-term creep strength at 973 K are similar to that at 923 K, but W is more effective for the long-term creep strength at 973 K.
(3) The increase in W content enhances the volume fraction of intermetallic compound, especially a precipitation of c-phase rather than m-phase and Laves phase. The addition of Co promotes precipitation of M 23 C 6 carbide within the grain interiors. Remarkable increase in creep strength is caused by both an increase in coarse blocky precipitates at grain boundaries and fine distribution of needle or disc-like particles within the grain interiors.
(4) The precipitation strengthening of carbide promoted by Co addition is effective for short-term creep, whereas that of intermetallic compounds enhanced by increase in W content is effective in the long-term creep regime. Among the intermatallic compounds c-phase plays a key role in strengthening the long-term creep life.
(5) The 15Cr steels in the present study possess good rupture elongation and tensile strength. In addition, because of its higher Cr content, these steels are expected to show better oxidation resistance than that of conventional ferritic creep resistant steels. Thus, it can be reasonable to conclude, that the fully annealed and precipitation strengthened 15Cr ferritic steel is promising creep resistant materials for fossile power plants in the next generation.
